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Correlation of anomalous write error rates and ferromagnetic resonance spectrum in spin-transfer-torque-magnetic-random-access-memory devices containing in-plane free layers In a small fraction of magnetic-tunnel-junction-based magnetic random-access memory devices with in-plane free layers, the write-error rates (WERs) are higher than expected on the basis of the macrospin or quasi-uniform magnetization reversal models. In devices with increased WERs, the product of effective resistance and area, tunneling magnetoresistance, and coercivity do not deviate from typical device properties. However, the field-swept, spin-torque, ferromagnetic resonance (FS-ST-FMR) spectra with an applied DC bias current deviate significantly for such devices. With a DC bias of 300 mV (producing 9.9 Â 10 6 A/cm 2 ) or greater, these anomalous devices show an increase in the fraction of the power present in FS-ST-FMR modes corresponding to higher-order excitations of the free-layer magnetization. As much as 70% of the power is contained in higher-order modes compared to %20% in typical devices. Additionally, a shift in the uniform-mode resonant field that is correlated with the magnitude of the WER anomaly is detected at DC biases greater than 300 mV. These differences in the anomalous devices indicate a change in the micromagnetic resonant mode structure at high applied bias. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4879847] Spin-transfer-torque (STT) magnetic random-access memory (MRAM) holds promise as a non-volatile, energyefficient, high-speed memory. 1 In typical devices, the writeerror rate (WER, defined as the number of non-switch events divided by the number of switching attempts) decreases exponentially with increasing pulse voltage. Anomalous devices exceed the usual exponential dependence of the WER on the pulse voltage, which limits usage of STT-MRAM. 2, 3 While anomalous WERs are documented, 2, 3 rapid identification of these anomalous devices has not been previously possible and the cause of the anomalies are not known. We present here a method for rapid identification of anomalous devices, using a signature in the device-level ferromagnetic resonance (FMR) spectrum. Once identified, anomalous devices can be carefully studied to understand the physics that leads to an increasing number of write errors, which is closely connected to the magnetization-reversal dynamics in the device. The magnetization-reversal mechanism in STT devices is not well understood. From stroboscopic measurements involving time-resolved X-ray magnetic circular dichroism, previous researchers inferred that the reversal mechanism is dominated by the formation of a magnetic vortex in the nanomagnet. 4, 5 Conversely, single-shot, real-time measurements of the resistance during the reversal of a STT device indicated that the device-reversal mechanism can be explained by coherent rotation. 6 Even with full micromagnetic simulations that include the STT effect, Aur elio et al. report that the magnetization reversal was dominated by the quasi-uniform magnetization reversal, 7 while Lee et al. report that the magnetization reversal was dominated by chaotic spin-wave excitation. 8 In all of the above cases, the magnetization fluctuations showed a dependence on the applied current density, which controls which regime the magnetization reversal will follow. Field-swept spin-torque ferromagnetic resonance (FS-ST-FMR) has previously been used to understand the basic magnetic properties of magnetic tunnel-junction (MTJ) devices 9 and their use as diode detectors of microwaves. [10] [11] [12] This prior work analyzed only the single dominant resonance mode in the power spectrum at zero DC bias applied to the device. Here, analysis of the higher-order resonance modes gives meaningful information about the details of the magnetization oscillations in the device. These higher-order modes show a strong dependence on the applied DC bias in devices with an anomalous WER. WER measurements were performed with the method presented by Heindl et al. 2 We attempted to switch each device >10 6 times to achieve WERs at the 10 À6 level. We recorded the FS-ST-FMR spectra using an external magnetic field applied perpendicular to the plane of the device to within 1 and a measurement circuit with a bandwidth >30 GHz. 9 As the frequency was varied, the microwave power was adjusted so that constant power was delivered to the device. 9 Further experimental details of the FS-ST-FMR technique are described in Ref. 9 . Spectra were recorded with a DC bias current. The currents were selected to give comparable current densities in different-sized devices to allow comparison between devices with different dimensions. For comparison with the WER results, we report the DC bias voltage at zero applied magnetic field with the device in the parallel state. When an external magnetic field is applied, the voltage measured across the device changes as the magnetizations of both the free layer and reference layer are pulled out of the plane of the film. In this work, the highest-field resonant mode, which corresponds to the center or quasi-uniform resonant mode, will be referred to as the fundamental mode. 9, 13 Measurements with FS-ST-FMR are reported here, due to the larger accessible frequency bandwidth; however, comparable results were also obtained with thermal FMR, where a DC bias is applied to the device and the power spectrum is recorded with a spectrum analyzer.
The WERs as a function of pulse amplitude and pulse duration, for the representative typical and anomalous devices, are shown in Figs. 1(a) and 1(b), respectively. In a macrospin model, 2 the WER at fixed pulse duration should decrease exponentially as the pulse amplitude increases. The amplitude required to achieve a given WER should decrease as the pulse duration increases. However, for a fixed pulse duration, anomalous devices deviate from the expected exponential decrease in WER as the pulse amplitude increases. This deviation appears as a kink in the WER as the pulse amplitude increases. This kink appears at the same pulse amplitude, independent of the pulse duration (at 0.44 V in Fig. 1(b) ). The apparent magnitude of this WER anomaly varies from device to device; however, quantification of the anomaly from WER measurements is very time-consuming. Below we describe a faster, alternative method.
Quasi-static switching measurements of both typical and anomalous devices of any size indicate no significant differences. For this representative film, we report quasi-static results from five typical devices and five anomalous devices with both WER and FS-ST-FMR data. The effective RA product of the parallel resistance state for the typical devices 
FIG. 2. (a)
Representative typical device FS-ST-FMR spectra acquired at 15 GHz for a 60 nm Â 180 nm device. The spectra at 0 mV (black) and 300 mV (9.9 Â 10 6 A/cm 2 ) (red) DC bias show no significant differences. (b) Representative anomalous device FS-ST-FMR spectra at 15 GHz for a 50 nm Â 150 nm device. As the DC bias is increased from 0 mV (black) to 300 mV (9.9 Â 10 6 A/cm 2 ) (red), power shifts from the fundamental mode to one of the higher-order modes. Simultaneously, the resonant field of the modes increases. The shape of the modes corresponding to these resonances has been determined from micromagnetic simulations through the method of McMichael and Stiles. 13 is 3.2 X-lm 2 6 0.2 X-lm 2 and for the anomalous devices is 3.0 X-lm 2 6 0.4 X-lm 2 for devices on the film presented here. Here, the TMR is 65% 6 7% and 60% 6 9% for typical and anomalous devices, respectively. The measured coercivity (l 0 H c ) of each device is consistent with the average coercivity of devices of the given size on this thin film with values ranging over 10 mT to 20 mT. The lack of discernible differences in the quasi-static properties of typical and anomalous devices suggests that the devices do not deviate significantly from the expected size or shape, and that the thin-film stack appears to have no significant variation of tunnel-barrier thickness, tunnel-barrier crystallographic orientation, or magnetic anisotropy (derived from quasistatic device measurements).
Interestingly, at zero applied DC bias current, the typical device and anomalous device FS-ST-FMR spectra are qualitatively similar, with a prominent fundamental resonance mode and much smaller higher-order modes, as seen in Fig. 2 for a single frequency. The number of visible resonance peaks varies from device to device and is not correlated with its size or whether a particular device is typical or anomalous. However, under application of a bias, there is a correlation between the quantitative behavior of a device's resonance modes and the device behavior. When a DC bias is applied during the FS-ST-FMR measurements, there is no change (within measurement error) in the resonant fields, amplitudes, or line widths extracted from typical device spectra. In anomalous devices, however, there are two changes in the spectra: (1) a shift of power from the fundamental mode into one of the higher-order (lower-field) modes and (2) a shift of the resonant field of the fundamental mode toward higher field with increasing DC bias current above a threshold current.
As the DC bias is increased, there is no systematic change in the total resonance absorption measured in the device, as shown in Fig. 3 for the representative devices. In Fig. 3(b) , the discrepancy in this particular anomalous device between the 0 mV and 300 mV (9.9 Â 10 6 A/cm 2 ) total peak area is not seen in all anomalous devices. The decrease in total power, as the frequency increases, is due to a combination of the free-layer magnetization stiffening with the increasing applied external field and the fixed layer starting to rotate out of the plane of the film.
In typical devices, the fraction of power detected in higher-order modes is constant with frequency and bias ( Fig. 3(a) inset for the representative typical device). In anomalous devices, while the fraction of power in higherorder modes is still approximately constant with frequency, there is an increase in the power detected in higher-order modes at 300 mV, as compared to 0 mV (Fig. 3(b) inset for the representative anomalous device). In anomalous devices, as much as 70% of the power is detected in the higher-order modes when 300 mV DC bias is applied. In Fig. 3 , the powers from all higher-order modes are summed together for simplicity. However, the particular mode with the largest relative amplitude changes from device to device, and as a function of frequency in the same device.
In anomalous devices, the resonant fields of all observed modes increase with the magnitude of the applied DC bias, as seen for the representative anomalous device in Fig. 2(b) . The shift towards higher resonant fields is equivalent to shifting towards lower resonant frequency. This resonant field shift appears only above a threshold DC bias, usually between 200 mV (6.6 Â 10 6 A/cm 2 ) and 300 mV. In typical devices, the resonant fields of the observed modes do not shift with applied DC biases up to 400 mV (13 Â 10 6 A/cm 2 ). The magnitude of the resonant-field shift is proportional to the prominence of the WER anomaly and potentially allows quantification of the WER anomaly with a simple measurement. In devices having a barely-discernible WER anomaly, a small resonant field shift of a few millitesla is detected at 400 mV DC bias. With a prominent WER anomaly, resonant field shifts as large as 40 mT at 400 mV DC bias occur. At biases greater than 400 mV, most devices underwent tunnel-barrier breakdown during the prolonged application of the bias during FS-ST-FMR measurements for the film discussed here.
The resonant field is determined by the net effective field seen by the free layer of the device, which is dominated by the sum of the demagnetizing field, the anisotropy field, the exchange field, and the external applied field. For the In the representative anomalous device with lateral dimensions of 50 nm Â 150 nm, no significant change in the sum of areas under all fitted peaks in the FS-ST-FMR spectra at 0 mV (black square) and 300 mV (9.9 Â 10 6 A/cm 2 ) (red circle). The slight decrease in the 300 mV area in this particular device is not seen in all anomalous devices. Inset: As the DC bias is increased, a significant increase in the fraction of power in higher-order modes is observed at all frequencies. Error bars are calculated from the error on the amplitude fits of the resonance peaks and indicate 2r error.
currents applied here, we estimate the Oersted field to exhibit approximately 1 mT field difference between the ends of the devices, which can be safely ignored. As the current density increases, the resonant field should decrease, because the magnitude of the STT effect will increase, which decreases the effective demagnetizing field by increasing the cone angle of the oscillation.
14 A field-like STT-effect component will appear as an effective increase in the external applied field, which would also lead to a decrease in the resonance field. Another potential source of a resonant-field shift is from voltage-controlled anisotropy. However, with voltagecontrolled anisotropy, there should be a linear dependence on the applied voltage, which is contrary to the shift towards increasing resonant fields for both signs of the applied voltage observed here. 15, 16 As power shifts out of the fundamental mode, the opening angle should decrease, which would lead to an increase in the effective demagnetizing field and an increase in the resonant field. This cannot, however, explain the increase in the resonant field in the higher-order modes as more power flows into those modes. There must be additional changes in the structure of the modes to produce an increase in the resonant fields, as shown in these data.
The FS-ST-FMR measurements are performed with the magnetic field perpendicular to the film plane with the magnetization of the free layer saturated in this direction. During pulsed switching measurements, the free-layer magnetization lies within the plane of the film. In a macrospin model or coherent in-plane rotation model, the magnetization will not pass through the geometry of the FS-ST-FMR measurement. However, from the presence of higher-order modes, we determined that the magnetization is not following these simple models. From micromagnetic simulations, for the vortex state, domain-wall-propagation, and chaotic reversal mechanisms, 5, 7, 8 some parts of the magnetization during switching should pass through the perpendicular orientation used in the FS-ST-FMR technique. The shift of power from the fundamental mode into a higher-order mode indicates increased non-uniform magnetization oscillation in anomalous devices compared to typical devices that could impede coherent rotation and rule out any approximations as quasiuniform or macrospin-based models. A shift of power at non-zero DC bias suggests that the power shift is not due to physical defects alone, since these defects should also appear in the zero-DC-bias case, but requires the additional energy from both the Oersted field produced by the charge current and the torque on the magnetization from the STT effect.
We have shown a correlation between a spectral signature from FS-ST-FMR measurements and the anomalous WERs in MRAM devices with in-plane free layers. This spectral signature allows rapid identification of anomalous devices. Anomalous devices inject a larger fraction of the total power into higher-order modes when a DC bias is applied. As much as 70% of the total power is contained in these higher-order modes, compared to approximately 20% of the total power in typical devices. Above a threshold bias, anomalous devices show a shift in the resonance fields that indicate a change in the details of the mode structure and coupling that cannot be precisely determined from these data.
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